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ABSTRACT
ADSORPTION/DESORPTION PROCESS OF STIMULI-RESPONSIVE POLYMERS
ON SIMULATED NATURAL SURFACES
USING QCM-0 & AFM ANALYSIS
byYan Zong
December 2013
The stimuli-responsive adsorption of polyelectrolytes to biosurfaces provides an
important vehicle for development of protective coatings, delivery of therapeutic agents,
and cosmetic applications. Developing a fundamental understanding of the mechanisms
and kinetics of adsorption/desorption processes of polymeric systems to biological
surfaces is of critical importance in predicting performance and designing new
formulations. This study describes quartz crystal microbalance and atomic force
microscopy analysis of a poly(methyl vinyl ether-alt-maleic anhydride) copolymer
(Gantrez® S97 BF) adsorption on dental mimicking surfaces to determine properties
including thickness, morphology, viscoelasticy, and rate of adsorption/desorption of the
polymer layer as a function of solution environment. A nanoscopically smooth model
dental surface was developed for AFM analysis of the adsorbed thin film. Polymer
structural and solution factors controlling kinetics of adsorption and the adhesion
properties on simulated hydroxyapatite (HAp) surfaces are elucidated.
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The second part of the thesis focuses on the evaluation of a novel oil spill
dispersant with anti-deposition capabilities. The dispersing agent is largely comprised of
hydroxypropyl cellulose and lecithin, agriculturally derived chemicals commonly used in
the food industry. Spilled or leaked oil is a continued threat to the environment and
wildlife. Though dispersants are commonly used to combat oil spillsin the hope of using
them to mitigate the effects of oil on land and wildlife, the challenge of preventing
redeposition of the oil onto these substrates still exists, and there are concerns with the
biocompatibility of current commercial dispersant formulations. Quartz crystal
microbalance with dissipation monitoring (QCM-D) was employed to investigate the
interactions of the polymer dispersants on model natural surfaces. AFM was used to
investigate the morphology of films after deposition on the model surfaces. Mechanisms
and kinetics ofthe adsorption and desorption processes of the anti-redeposition polymer
formulation are described.
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CHAPTER I
INTRODUCTION
Brief Introduction of the Thesis
This thesis involves two projects. The objectives of the first project were to 1)
define an effective method to prepare a nanoscopically smooth dental mimicking surface
and 2) determine the kinetics and adsorption/desorption behavior and morphology of
adsorbed films of the dental care polymer Gantrez® S-97 BF (G-S97) (a poly(methyl
vinyl ether-alt-maleic anhydride) copolymer) on dental mimicking surfaces as a function
of solution properties. The goal of the second project was to determine the mechanisms
and kinetics of adsorption/desorption properties of an oil dispersant based on
hydroxypropyl cellulose and lecithin on a model sand surface. The unifying theme of this
thesis is the description of stimuli-responsive polymer adsorption/desorption behavior on
model surfaces designed to mimic natural surfaces. The goal is to develop a better
understanding of the variables that govern polymer-surface interactions in aqueous
solution in hope that the fundamental knowledge gained will be useful in developing and
designing new polymer systems and formulations ofbiocompatible polymers for personal
care and industrial applications. The primary techniques employed to determine the
molecular-level mechanisms of adsorption and desorption are QCM-D and AFM. AFM is
a well-known technique for evaluation of the morphology and nanomechanical properties
of adsorbed polymer films. 1 The QCM-D methodology is briefly described.
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Quartz Crystal Microbalance with Dissipation Detector (QCM-D)
AC Supply
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Figure 1. Diagram of q-sensor and a schematic illustration of the strain induced in an
AT-cut crystal.

The QCM-D slide is a disk shaped piezoelectric quartz crystal sensor, which is
usually sandwiched between two gold electrodes contacted with an electronic oscillator.
When an AC voltage is applied across the electrodes, the crystal sensor oscillates at
different frequencies. The quartz crystal can be coated with different materials to provide
deposition surfaces for study of chemical and/or biological adsorption. During the
adsorption process, changes in frequency(!::../) and dissipation factor (till) caused by
adsorbed materials on QCM-D slides are simultaneously recorded. The resonant
frequency of the crystal,/, will decrease as the adsorbed mass (m) increases (Figure 2).
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Figure 2. Typical QCM-D traces: Adsorption of Gantrez S-97 BF on Si02 and
hydroxyapatite (HAp). The shifted frequency is related to adsorbed mass.

If the film is rigid, the frequency change 8,..f= fo-f, where fo is the resonant
frequency of bare crystal in the medium, is proportional to the adsorbed mass. The
relationship was described by Sauerbrey in 1959: 2

/).m= - C8,.f

(1-1)

n

Where n is the overtone number (n=1, 3, 5, 7 ...... ) and Cis the constant (C=0.177
mg m-2 Hz- 1) that reflects the sensitivity of the device to a change in mass. Since the AC
voltage applied to the electrodes is operated intermittently, there is decay in oscillation
due to energy losses. The dissipation factor D (unitless), which reflects the energy
dissipation, provides information about the ratio of energy lost (Etost) to the energy stored
(Estored) and is related to the time constant -r: 3' 4
D=

E ,ost

2:rr E stored

= _R_ = wRC = _ 1_
OJL
7r f r

(1-2)

Wherefis the resonant frequency, and the angular frequency (w) can be varied to
determine the resistance (R), inductance (L), and capacitance (C) of the crystal. QCM-D
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records the dissipation change in the dissipation factor: W=D-Do during the adsorption
process, where D is the dissipation factor when the polymer is adsorbed and D o is the
dissipation factor of bare crystal. W is proportional to energy losses associated with the
adsorbed materials (Figure 3).
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Figure 3. Typical QCM-0 traces: Adsorption of Gantrez S-97 BF on Si02 and
hydroxyapatite (HAp). The change of dissipation rate reveals the structure of adsorbed
layer.

QCM-0 Data Process
The commercial software, Q-tools, provides several models for QCM-D data
process. The Sauerbrey model is used to calculate the adsorbed mass of the rigid layer.
The Voigt model provides structural information, such as thickness, density and elasticity,
for the solid viscous layer. The rigidity of the adsorbed layer can be judged by the
performance of overtones; low LJD (less than 10% of the frequency shift) and
overlapping of overtones indicate the presence of a rigid layer.
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Figure 4. QCM traces ofGantrez® in 100 mM NaCl solution at pH 7. The frequency
decreases, and the dissipation increases as a function of time for three overtones (n=3, 5,
and 7;fo=5MHz) at 24±0.1 C. A 100 mM NaCl, pH 7 rinse solution (containing no polymer)
was injected at 1 h 4 min.

Figure 4 shows the adsorption profile of Gantrez® s97 solution monitored by
QCM-D. The study was performed using a commercially available HAp coated Q-sensor
with a pH 7, 100 mN NaCl polymer solution. HighLfD values and separation of the
overtones are observed, indicating the non-rigid, viscoelastic nature of the adsorbed
polymer layer.
The mass of the adsorbed viscous layer, which accounts both the adsorbed
polymer and solvent, can be estimated from the density and thickness of the layer, or can
be calculated using the.Johannsmann model. The details of the Johannsmann model data
process are described elsewhere. 5
The diffusion coefficient is estimated from the initial portion of the adsorption
curve. It is assumed that during the initial stage, when polymer adsorption is diffusion
controlled, that each molecule that reaches the surface is adsorbed and the amount of
adsorbed solvent can be ignored. Fickian diffusion is assumed in this short time period,
and the diffusion coefficient is calculated by:6

6

F(t) = (2 I ;ro.s )Cbulk (Dt)o.s
Where

(1-3)

r is adsorbed mass, C bulk is the concentration of bulk solution, and D is the

diffusion coefficient.
The initial adsorption rate is obtained by plotting the mass change as a function of
time, and the slope is the adsorption rate.
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CHAPTER II
DENTAL CARE POLYMERS AND NATURAL DENTAL SURFACES
Maleic Anhydride Copolymers
Over the last two decades significant progress has been made in the development
ofbiocompatible materials for applications including drug delivery, tissue engineering,
and oral care. 7 ' 8 '9 Maleic anhydride copolymers are biocompatible and pH responsive and
demonstrate strong interactions with biosurfaces. 10' 11 ' 12' 13 The maleic anhydride (MAn)
structure is shown in Figure 5.

a

c

0~0

~OH-v
,.,. CH3 0 O

OH .
n

Figure 5. Structures of(a) maleic anhydride, (b) a MAn copolymer and (c) a hydrolyzed
MAn copolymer.
MAn forms alternating copolymers with other monomers including styrene,
1-olefin, and vinyl ether. The excellent properties of MAn copolymers result from their
structure. MAn groups hydrolyze partially or totally in water, providing water solubility
to MAn copolymers. Additionally, the anhydride group in MAn copolymers can be used
to bond with other compounds with a degradable ester or amide linkage, and after the
reaction, there is still a carboxylate group remaining to maintain the water solubility of
the polymer. This makes MAn useful in preparing drug delivery vehicles.

14 15 16
' '

acid (MAa) groups possess two pKa's, with approximate values ofpKal=3.0 and

Maleic

8

pKa2=6.2, which depend on the copolymer structure17 and allow for the development of
pH-responsive copolymers.
One area of intense research activity has been the use of MAn copolymers for oral
care applications. Polymers containing carboxylate groups demonstrate dental adhesion
properties, resulting from electrostatic interactions between carboxylic acid groups on the
polymers and calcium ions on the tooth surface. 18 Due to their strong adhesion to the
tooth surface, MAn copolymers have been used in the composition of denture adhesives,
dental cements, and for the delivery of oral care components to the oral cavity. 19•20•2 1
Studies have also shown that MAn-vinyl methyl ether copolymers help reduce formation
of calculus do not damage developing enamel surfaces? 1
Gantrez® MA copolymers, a series of poly(niethyl vinyl ether-alt-MA)
copolymers produced by International Specialty Products Inc. (ISP®), are widely used
for oral and personal care. The dental adhesion properties of Gantrez® have been
primarily exploited for oral care applications, and the copolymer has been used as a
dental coating and as the carrier for delivery of active ingredients such as flavor,
antibiotic, or medicine in tooth paste and mouthwash. 22
The Gantrez® product line of MAn copolymers and derivatives is generally
divided into four families, 8 Gantrez® AN, Gantrez® S, Gantrez® MS, and Gantrez® ES,
the structures of which are shown in Figure 6.
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Figure 6. Structures of Gantrez® products.
The most common interaction between Gantrez® and the oral cavity roots is the
electrostatic attraction between carboxylate groups on the polymers and calcium ions on
tooth surface. The adsorption of carboxylate ions on the tooth surface usually
accompanies the release of phosphate and hydroxyl anions from the tooth. The adsorbed
carboxylate may leave the tooth with calcium if the carboxylate calcium salt is water
24

soluble. 23 '

Tooth Surface
To gain an understanding of the mechanisms and stability of adhesion to the
dental surface, it is of great interest to study the properties of the adsorbed polymer
monolayer. The inhomogeneity of the natural surface presents a challenge to studying
these interactions utilizing nanoprobe techniques. Thus, development of a

10

well-characterized, nanoscopically smooth model surface is an important part of the
proposed study.
The dental enamel is the only exposed part of the tooth and is composed primarily
ofHAp/CaP?5 HAp has poor mechanical properties and is not suitable for load-bearing
applications? 6 The tooth surface has asperities in the scale of micrometers. At this
roughness scale, it is difficult to observe the effects of polymer mono layers adsorbed to
the surface.
Two general methods have been report.ed to prepare a substrate coated with a
HAp/CaP layer. The first method includes an electron-beam deposition mechanism.
HAp/CaP nanoparticles are first made, and then they are deposited onto a smooth
substrate under a strong electrical field. 27 •28 The second method, also known as chemical
modification, uses a technique to create an environment that enables formation of a
HAp/CaP layer on a substrate. These techniques include bio-nucleation coating28 and
phosphorylation coating. 29 •30

-··
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Surface Adsorption ofPolycarboxylates
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Figure 7. The adsorption of polyelectrolyte on the oppositely charged surface. The top
illustrates the ionic distribution when polyelectrolyte is approaching the target surface; the
bottom illustrates the corresponding potential as a function of distance from the surface.
(Revised from Reference 31.)

The adsorption process of polycarboxylates on a charged surface can be described
by a two-step mechanism.31 When attaching to a surface, polymers first diffuse slowly to
the proximity of the surface and then begin to interact with surface by both van der Waals
force

32

and electrostatic interactions. Many variables may affect the adsorption behavior

of polycarboxylates onto a charged solid surface, including solution conditions such as

12

pH, ionic strength, polymer concentration, and polymer structural parameters, including
molecular weight and charge group distribution.
Altering the pH of the solvent affects the charge density of the polycarboxylate
through protonation (or deprotonation) of the carboxylate anion. The screening effect of
protons in solution may also influence the degree of repulsion between charged side
groups and consequently change the conformation of the polyelectrolyte. High charge
density polyelectrolytes exhibit extended conformations in aqueous solution, and when
adsorbed on charged surfaces show extended, thin,' monolayer morphologies. 33 •34
When small molecule salts are added to the aqueous polymer solution, adsorption
onto a charged surface decreases dramatically at low concentrations of added salt. The
decreased adsorption is attributed to the reduced electrostatic attraction between the
carboxyl groups and the positively charged surface. 35 At higher concentrations ofNaCl,
significant increases in the absorbed mass of polycarboxylate are observed, attributed to
the development of a more contracted polymer chain conformation in solution due to
charge screening, which resulted in lower drag and deposition of a greater number of
coiled polymer chains on the charged surface. 36 •37
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pH=?

~~ ~: ~~ ~: ~~~
Scheme 1. Protonation and deprotonation of maleic acid moiety ofG-S 97 upon pH
change.
Knowledge of pKa values is necessary for a quantitative understanding of the
interaction between acids or bases and metal ions to form complexes (Scheme 1). In
solutions with pH above pKa2, the maleic acid copol:Ymers with high charge density and
high Gibbs free energy possess higher potential to form ionic bonds with metal ions than
when the copolymers are in solution with pH below pKat· For polycarboxylates,
conformational change would be expected if any chelation occurred between metal ions
and the carboxyl groups along the polymer chain. 38 •39
The effect of polymer concentration on adsorption behavior is not a simple
relationship. Some studies indicate that adsorption saturation is achieved only at or above
a critical concentration, and below that concentration the adsorbed mass is proportional to
the polymer concentration. 36•37 Few studies of the effect of concentration on adsorption
rate of carboxylate polymers have been reported. Some studies of polyelectrolytes
indicate that the initial rate of adsorption shows first-order dependence on the
polyelectrolyte concentration within a specific range. 40 This dependence may be due to
the fact that higher concentration increases the possibility of the formation of ionic bonds
between the polyelectrolyte and the charged surface.
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Lower molecular weight polymer molecules suffer lower drag when approaching
the surface due to their smaller size, and as a result, they may adsorb faster. Adsorption of
higher molecular weight polyelectrolytes is thermodynamically favored, because when
the larger molecule replaces the preadsorbed lower molecular weight polymers, the
released polymer will help to increase the number of polymer chains in solution and thus
increase the entropy. This replacement is called the reconformation process. 3 1
Most current theories assume that the polymer conformation in solution, as
determined by polymer structure, solution pH, and salt concentration, determines the
adsorption behavior on solid surfaces. 41 •42 •43 In general, MAn copolymers may exhibit
contracted or extended conformations in aqueous solutions. At low pH, the carboxyl
groups are protonated, and the polymers exist in coiled, relatively contracted
conformations. At pH above pKa, the carboxyl groups are deprotonated, and an extended
conformation is observed due to charge-charge repulsion. 44•45 •46•47•48 High salt
concentration leads to contracted polymer conformation due to an electrostatic shielding
effect. MAn copolymers with a high percentage of hydrophobic moieties form more
contracted conformations than those with lower hydrophobic content. 49•50 •5 1•52 It is
predicted that MAn copolymers with contracted conformation in solution result in
adsorbed films of higher mass and greater thickness on charged surfaces due to
deposition in the more compacted structure, allowing attachment of a greater number of
chains. MAn copolymers with extended conformations in solution usually display
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adsorption of thinner films with lower mass due to the deposition of fewer, highly
extended chains on the charged surface.
Research Objectives
The goal of this research is to study the polymer structural and solution factors
controlling polymeric adsorption behaviors. Comprehensive studies of polymeric
adsorption kinetics and adsorbed morphology on dental mimicking surfaces will provide
further elucidation of the mechanisms involved in dental care polymer development.
In this study Gantrez® S-97 BF (G-S97), a free acid version of the Gantrez®
series polymers, was selected as the model polymer. G-S97 is pH responsive and
possesses two pKa's, with values ofpK81 =3.47 and pKa2=6.47. 53
The Objectives of this research are:
1.

Define an effective method to prepare smooth HAp/CaP surfaces for morphology
study. Complete comparative adsorption kinetics studies via Quartz Crystal
Microbalance with Dissipation Detector (QCM-D) with G-S97.

2.

Investigate the effects of solution properties (concentration, ionic strength, and pH)
on polymeric adsorption behavior on the model HAp surface.
a)

Study the kinetics of adsorption as a function of copolymer structure and
solution conditions using QCM-D analysis.

b)

Determine the morphology and thickness of adsorbed layers on the HAp model
surface utilizing AFM and ellipsometry.
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3.

Delineate the mechanisms of maleic anhydride copolymer adsorption on model
surfaces to provide information for design of systems for biomedical and personal
applications.
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CHAPTER III
DENTAL MIMICKING SURFACES DEVELOPMENT
Chapter Overview
Three methods were attempted to develop a nanoscopically smooth model dental
surface for polymer morphology studies. Surfaces were modified with HAp-mimicking
films. Film thickness and roughness were evaluated by ellipsometry and microscopy
techniques. The reproducibility and the stability of the modified surfaces were
determined. A phosphorylation technique was shown to be the most promising for
continued study.
Experimental Details

Cleaning ofSi Wafers
Cleaned Si wafers were used as substrates to develop smooth dental mimicking
surfaces. Silicon wafers (Silicon Inc. Boise, Idaho, USA) were cut into 12x 12 mm2
pieces and all pieces, were treated with piranha solution (25% H2S04 , 75% H 20 2) for 30
min, then immersed in 18.2 MQ em ultra pure water for 20 min. And then dried with a
slow stream ofN2.
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Electrophoretic Deposition
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Figure 8. Schematic of electrophoretic deposition.
The electrophoretic deposition procedure followed a method reported by Wei and
coworkers. 27 The equipment for electrophoretic deposition iss displayed in Figure 8. The
beaker was filled with an ethanol suspension of Hap, and the target surface was a cleaned
Si wafer coated with a thin layer of gold. The coating of gold was achieved using an
Emitech K550X gold sputter coater under an argon atmosphere, and the coating time was
30 s or less. The two electrodes were connected to a high voltage power supply (Model
REG-250-0.3, Matsusada Precision Inc., Japan). The deposition parameter (voltage and
time) was controlled at different levels. The distance between the two electrodes was 6
mm. To ensure high efficiency of the deposition, the copper electrode was polished using
abrasive paper before use.

Acid Base Synthesis ofHAp Nano Particles
5.0 g Ca(OH)2 (2:95%, Sigma Aldrich Co. USA) was dissolved in 200 mL DI
water with continuous magnetic stirring. This was named solution A. A saturated solution
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comprising 8.6 g K 3P04 (2:98%, Sigma Aldrich Co. USA) in DI water was slowly added
into solution A with continuous magnetic stirring. A pH meter (Accumet AR50 Dual
Channel pH/m V/Ion/Conductivity Benchtop Meter, Fisher Scientific Co. USA) was used
to monitor the pH value and ensure that it was maintained above 7. The precipate was
isolated through centrifugation, supernatant decantation, and was then resuspended in DI
water.

Metathesis Synthesis ofHAp Nanoparticles
47.22 g Ca(N03)2·4H20 (2:99%, Sigma Aldrich Co. USA) was added into 180 mL
dilute ammonia DI water solution with continuous magnetic stirring. The pH value of the
solution was adjusted to 12 with an ammonia saturated solution and then 180 mL DI
water was added. The aforementioned solution was named solution B. 15.84 g
(NH4)2HP04 was added into 450 mL of an ammonia solution (amrnonia:DI water=1:2)
with continuous magnetic stirring. The pH of this solution was adjusted to 12 and then
mixed with 190 mL DI water. This was named solution C. Solution D was then slowly
added into solution B at a rate of 100 mL/min with continuous magnetic stirring. The
resulting suspension was heated to boiling point and stirred at boiling point for 1h . The
suspension was then cooled to room temperature and aged for 3 weeks. The precipate was
isolated through centrifugation, supernatant decantation, and was then resuspended in DI
water.
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Nucleation Growth ojCaP04 on Silanized Silicon Wafer

The procedure to grow CaP04 on a silanized silicon wafer followed a method
reported by Toworfe?9 Cleaned Si wafers were treated with UV-ozone using a Bioforce
Nanoscience UV Ozone ProCleaner™ for 10 minutes to oxidize the surface. After,
UV-ozone treatment surfaces were treated with triethoxysilylpropyl succinic anhydride
(TESPSA) under nitrogen for - 16 h at room temperature. Then, the reaction samples
were ultra-sonicated serially in toluene, DMF (N, N-dimethlyformamide), and ultra-pure
water for 20 min each and dried under nitrogen . .
Simulated body fluid (SBF) was used for in-vitro growth of CaP0 4 on silanized
surfaces. SBF was prepared using a mixture of salts: NaCl (0.11 mol), NaHC03 (4.8
mmol), KCl (2.8 mmol), K2HP04. 3H20 (1.10 mmol), MgCh.6H20 (1.7 mmol), CaCh
(2.6 mmol), Na2S04 (0.07 mmol), HCl (1M, lmL), and (CH20H)3CNH2 (0.05mol). Salts
were dissolved in ultra pure water (100 mL), and pH was adjusted to 7.4 using 1M NaOH.
Silanized silicon wafers were immersed in SBF at different time intervals to induce the
growth of CaP.
CaP Growth on Phosphorylated Si Wafer

The cleaned substrates were immersed into a mixed solution containing 10 mM
phosphorus oxychloride (POC13) and 10 mM 2,4,6-collidine in acetonitrile at 70°C for 12
h and 24 h, respectively. The modified substrates were placed into a 0.5 mM CaCh
solution for 20 min. The thickness changes after each step were monitored by
ellipsometry.
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Ellipsometry
Ellipsometry was employed to monitor the thickness change of the dental
mimicking surface during the phosphorylation and the nucleation process. The
ellipsometric measurements were performed using a Gaertner Scientific ellipsometer
(632.8 nm helium-neon laser source) with an angle of incidence of 70°. The phase
difference ( L1 ) were collected, and the thicknesses were determined via ELLI software
using refractive indices of each of the ellipsometry measured layers. Refractive indices of
3.89 for silicon, 1.46 for silicon oxide, and 1.441 for TESPSA were used.

Water contact angle
Water contact angle measurements were conducted to monitor the surface
modification behaviors of the dental mimicking surfaces. The measurements were
performed on a Rame-Hart goniometer coupled with DROP-image® data analysis
software, employing the sessile drop technique. The static contact angle formed by drops
ofHPLC grade water (811L) on the dental mimicking was measured immediately after
deposition.
Results and Discussion
As mentioned above in Chapter II, there are several methods reported to prepare a
CaP/HAp layer on a smooth substrate. Although pulse laser spraying is one of the most
efficient ways to deposit HAp particles to a target surface, the roughness of the resulting
modified surface is very high. Even after thermal polishing and annealing, the reported
roughness is in the range of hundreds of nanometers to several micrometers, which is
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dramatically higher than our target surface roughness ( < 5 nm). 27 '28 With the goal of
obtaining a nanoscopically smooth model Hap surface for evaluation of the morphology
of adsorbed polymer thin films, attempts were made to employ electrophoretic deposition,
CaP nucleation, and phosphorylation.
Electrophoretic deposition

The electrophoretic deposition of HAp nanoparticles onto metal surfaces was
reported by Wei and coworkers.Z 7 The details of the electrophoretic deposition were
detailed in the experimental section of this chapter. It needs to be pointed out that the
power resource must be a DC power supply which can provide high voltage (over 100 V).
An AC power or lower voltage of DC may not induce the electro-deposition process.
In order to obtain a smooth dental mimicking surface, a gold coated Si wafer was
employed as the deposition target for HAp nanoparticles in this research. Attempts to use
both a sputterer and a thermal evaporator to coat a thin layer of gold on cleaned Si wafers
were made, and according to AFM measurement, a smooth substrate (RMS=l.16 nm)
was obtained by controlling the sputtering time within 30 s (Figure 9).
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Figure 9. AFM images of gold coated Si wafer in height mode (a) and phase (b) mode.

HAp nanoparticles prepared from two methods (acid base synthesis and
metathesis synthesis) were used for electrophoretic deposition. The modified surfaces
were tested visually and by using ESEM and AFM.

(a)

(b)

Figure 10. Visual comparison of the bare target surface and the modified surface: (a) the
target surface, gold coated Si wafer; (b) the modified target surface deposited with HAp
nanoparticles produced from acid base synthesis.
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Figure 10 shows the gold coated Si wafer (the target surface for deposition) and
the modified surface developed with HAp nanoparticles produced from acid base
synthesis. A thick and opaque layer was formed on the target substrate. The HAp layer
demonstrated very poor stability during a scratching test. Some powder-like HAp was
observed to fall from the surface with even a light touch of a knife. The effects of voltage
and reaction time on electrophoretic deposition were investigated. The voltage was varied
from 0 V to 200 V, and it was found an efficient deposition was not achieved until the
voltage reached 160 V. Once induced, the depqsition proceeded quickly (within a few
seconds).

(a)

(b)

Figure 11. ESEM images of modified HAp surfaces processed under 175 V DC power with
different reaction times: (a) 30 s (Mag. 158X); (b) 60s (Mag. 59X).
Figure 11 shows ESEM images of samples prepared by electrodeposition of HAp
particles produced by acid base synthesis at different reaction times. Both surfaces are
non-uniform and discontinuous with large cracks. The cracking was assumed to be
caused by the fast evaporation of ethanol. However, even if the developed surfaces were
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dried in an ethanol vapor environment, the HAp layer still cracked. AFM imaging was
attempted on flat portions of the films away from the cracked areas; however, the
roughness was too great to obtain images.

(a)

(b)

Figure 12. Visual comparison ofbare target surface and the modified surface prepared via
electrodeposition: (a) the target surface, gold coated Si wafer; (b) the modified surface,
target surface deposited with HAp nanoparticles from metathesis synthesis.

The electrodeposition modified surface deposited with HAp nanoparticles
obtained via metathesis synthesis was also compared with the gold coated Si wafer (target
substrate for deposition). A thin and transparent HAp layer was formed on the target
surface after electrodeposition. Scratch testing of the deposited film revealed that it was
possible to remove a section of the coating only with hard scratching, indicating
increased stability of the layer (shown in Figure 12b). The effects of voltage and reaction
time on electrophoretic deposition were also investigated. The voltage was varied from 0
V to 200 V, and there was no limitation of voltage was observed.

26

(a)

(b)

Figure 13. ESEM images of modified surfaces electrodeposited with HAp nanoparticles
from metathesis synthesis processed under 175 V DC power with different reaction times:
(a) 60s; (b) 120 s.

Figure 13 shows ESEM images of surfaces on which Hap nanoparticles prepared
by metathesis synthesis were electrodeposited for different reaction times. For both
samples, a uniform film is observed with no apparent cracking on the surface; raised
features are attributed to nanoparticle aggregates. In the sample prepared with 60 seconds
of reaction time, rod-like structures with lengths of tens of microns are observed. With
increased reaction time (-120 s), aggregates appear smaller and rod-like features are not
observed. AFM analysis revealed the roughness of the film produced after 60 seconds of
reaction and that produced with 120 seconds of reaction was still too high for AFM
imaging.
CaP Nucleation on Silanized Silicon Wafe r

Previous work in the laboratories indicated that nucleation and growth of CaP on

a

a silanized Si wafer is potential method to develop a nanoscopically smooth model
surface. Yuhong Wei reviewed this method and discussed the effect of the organosilane
functional group on CaP nucleation. 54 This thesis will focus on the feasibility of
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employing this method to produce a nanoscopically smooth dental mimicking surface for
polymer adsorption studies.
0

Figure 14. Structure of triethoxysilylpropyl succinic anhydride (TESPSA).
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Scheme 2. Schematic view of CaP growth on silanized Si wafer.

The silane selected for Si wafer modification was triethoxysilylpropyl succinic
anhydride (TESPSA, structure was shown in Figure 14). Scheme 2 provides a schematic
view of Si wafer modification as well as the nucleation process to develop the CaP layer.
The results of repeated studies and stability of the CaP layer after washing in DI
water for different periods of time are summarized in Table 1. Similar water contact
angles and thicknesses were achieved for the three replicates where CaP nucleation
proceeded for 48 hours. The CaP layers were approximately 120 - 150 nm thick, which
exceeds the limitation for accurate measurement by the ellipsometer (Table 2).
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Table 1

Repeatability Testing of Water Contact Angle on the Nucleated CaP Layer

Water contact angle ( 0)
Repeat 1

47.8±0.9

Repeat 2

50.5±1.1

Repeat 3

49.2±1.1

Table 2

CaP Layer Thickness Change During Washing Stability Testing. (unit: nm)

0 min

1 min

5 min

24 h

> 100

49.6

7.9

6.9

> 100

20.5

5.6

5.3

> 100

36.6

5.9

5.4
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Figure 15. AFM height images ofthe 24 h nucleation modified CaP surface: (a) before; and
(b) after 10 min's washing.
·

To evaluate the stability of the CaP films, the samples were immersed in water in
scintillation vials and placed on a shaker for 1 min, .5 min, and 24 hours, and the
thickness was analyzed. After five minutes of immersion, the film thickness was reduced
from over 100 nm to 5 - 7 nm, and it appeared fairly stable beyond this time. Figure 15
displays AFM images of the CaP surfaces after washing tests. It appears that large CaP
particles were removed after washing, and the film washed for ten minutes is no longer
continuous. Also, it was observed that water contact angle increased from 51.4±2.5°to
55.0±2.5°after washing 10 min. It was concluded that the relatively poor washing
stability of the CaP layer formed by nucleation on the silanized silicon wafer would limit
its usefulness as a dental mimicking surface.
CaP Growth on Phosphorylated Si Wafer

We developed a nanoscopically smooth model dental surface for AFM analysis
using a modified phosphorylation approach, following that reported by Kim et al. as
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shown in Scheme 3.30. The thin layer of calcium phosphate provides a model surface to
mimic the composition of the tooth surface.
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Scheme 3. Development ofnanoscopically smooth model dental surface via
phosphorylation.
Table 3 shows the thickness of the coating layer (measured by ellipsometry) as a
function of reaction time and water contact angle of the surface for each step of the
phosphorylation process.
Table 3
CaP Layer Thickness and Water Contact Angle for Phosphoric (PA) Modified and CaP
Coated Model Surfaces as a Function ofReaction Time ofPhosphorylation.

Reaction time

CaP layer

Water contact angle

Water contact angle of CaP

thickness*

ofPA modified

covered surface ( 0 )

12 h

0.2±0.1

34.8±1.8

25.1 ±4.3

24 h

0.7±0. 1

52.4±2.4

31.2±3.9

* Measured by ellipsometry
• Cleaned silicon wafer is completely water wetting

The thickness of the CaP layer was found to be 0.2 nm after 12 h reaction and 0.7
nm for 24 h reaction. Longer reaction time may increase the roughness of the surface and
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result in larger measured contact angle. The incorporation of calcium in the phosphoric
acid coating was indicated by the change in water contact angle.
The reproducibility and washing stability of the CaP layer developed by this
method was also tested. Ellipsometry results indicated that for 3 replicates the thickness
of the CaP layer was on average 0.7±0.1 nm after 24 hr reaction time. The washing
stability test was performed using QCM-D evaluation. In this experiment, CaCh solution
was injected and flowed on a phosphorylated silicon coated QCM-D slide to attempt to
grow a CaP layer as shown in Figure 16.
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Figure 16. QCM traces of CaCh 100 mM solution. The frequency decreases, and the
dissipation increases as a function of time for three overtones (n=3, 5, and 7;fo=5MHz) at
24±0.1 C. Rinse solution of DI water was injected at 1 h 25 min.
It is clear that Ca2+ attached to the surface in a short period oftime by the

decrease in frequency (Llj3=-1 Hz), and the corresponding thickness was 0.7 nm. This
process is regarded as the formation of a firmly attached CaP layer. With the continued
pumping of the CaCh solution, the frequency continued to decrease and became stable
after 1h and 20 min, which was attributed to the attachment of free Ca2+ onto the surface.
The calculated thickness reached

~peak

value of 1.5 nm at 1h and 25min. After the stable

baseline was achieved, DI water was injected to rinse the surface. The frequency then
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increased, and a second stable baseline was achieved, which corresponded to a calculated
thickness of 0.6 nm similar to that measured in the first five minutes of testing. It was
concluded that a stable CaP layer of thickness 0.7±0.1 nm was formed that was resistant
to removal by water. The QCM-D results are consistent with the ellipsometry
measurements.
Chapter Summary
Three methods were employed to attempt to develop a dental mimicking surface
for polymer morphology studies. The electrophoretic deposition method produced films
with high efficiency, but the surface roughness was too high to evaluate the morphology
of thin films adsorbed to the surface. The nucleation of CaP onto a silanized silicon wafer
produced a nanoscopically smooth dental mimicking surface. However, the thickness of
the CaP layer reduced quickly from over 100 nm to 5- 7 nm with only 5 minutes exposure
to DI water. The relatively poor stability of the CaP layer formed on silanized Si wafer
would limit its usefulness as a dental mimicking surface. The CaP dental mimicking
surface based on the phosphorylation of a modified Si wafer showed very low roughness
(- 0.3 nm). QCM-D measurements indicated the CaP layer was stable to DI water rinsing.

Because of its reproducibiiity, stability, and production of a nanoscopically smooth CaP
surface, the phosphorylation method was selected to produce the model dental surface for
subsequent testing.
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CHAPTER IV
ADSORPTION KINETIC STUDIES OF GANTREZ® S-97 ON DENTAL MIMICKING
SURFACES
Chapter Overview
In this study, HAp coated QCM-D slides (to simulate dental surfaces) were used
to evaluate G-S97 adsorption/desorption processes and kinetics for solutions of varying
polymer concentration and pH. To further elucidate the mechanisms of adsorption for
these polymers, the morphology of thin films .produced from the solutions were analyzed
using AFM. Phosphorylation of a cleaned silicon wafer was employed to provide a thin
film of CaP to mimic the dental enamel surface. This smooth CaP surface allowed
determination of the structure for the thin films produced from adsorption of polymer
from solutions of varying concentration and pH to complement the QCM-D studies.
Ellipsometry evaluation provided information about the thickness of the adsorbed films,
and solution viscosity studies were performed to determine the critical overlap
concentration of the polymer in solutions of varying pH.
Experimental Details
Materials
Gantrez® S97 (G-S97) was kindly provided by ISP technologies, Inc., Wayne, NJ,
USA. Sodium chloride (NaCl, ::::99.5%) was purchased from Sigma-Aldrich. All
chemicals were used as received. 100 mM NaCl solution, which was used as the solution
for all polymer samples, was prepared by dissolving NaCl in 18.2 MO em ultra pure
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water. G-S97 solutions of desired concentrations were prepared in the aforementioned
NaCl solution, and the pH was adjusted using NaOH.
Substrates for QCM-D Studies
The QCM-D slides used were quartz crystal sensors, an AT-cut piezoelectric
quartz crystal 14 mm in diameter and 0.3 mm in thickness coated with a 10nm thick
hydroxyapatite layer (QSX 327, Biolin Scientific, Inc. Linthicum Heights, MD, USA).
Before performing QCM analysis, all QCM-D slides were cleaned using UV/ozone
treatment for 15 min, followed by immersion in a solution of 2% sodium dodecyl sulfate
(SDS) in 18.2 MQ em ultra pure water for 30 min at room temperature. The slides were
then rinsed with 18.2 MQ em ultra pure water and further cleaned using UV/ozone
treatment for 10 min.
Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
In this study a QCM-D E4 system (Q-sense Inc., Gothenburg, Sweden) was used
at 24± 1

oc

to monitor both adsorption and desorption ofG S97 on a HAp surface. For

the QCM-D study, solutions were prepared at concentrations of0.05, 0.2, 1, 4, and 5
mg/mL at both pH 4 and 7. 100 mM NaCl solution and 18.2 MQ em ultra pure water
were used to rinse adsorbed samples once the adsorption/desorption process reached
equilibrium state (as defined by formation of a stable baseline). Four separate resonant
frequencies (overtones, n) were used to drive oscillation of the shear wave through the
sensor crystal. The changes in frequency (L1./) and dissipation factor (L1D) were recorded
simultaneously as a function oftime at 5 MHz (fundamental overtone, n =1), 15 MHz
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(n=3), 25 MHz (n =5), and 35 MHz (n =7). Since the noise at 5 MHz was very large, the
data on fundamental overtone (n=l) was neglected, as reported previously by other
researchers. 55 •56 Each measurement was repeated at least two times. The maximum
change in t1fwas repeatable to within ±0.5 Hz and that of t1D to within ±0.2 xlo-6 .
Substrates for AFM Measurements
A nanoscopically smooth model dental surface was developed following a
modification of the phosphorylation approach reported by Kim et a1. 30 Silicon wafers
(Silicon Inc. Boise, Idaho, USA) were cut into 12x 12 mm2 pieces to use as substrates for
further development. Before modification, all pieces were treated with piranha solution
(25% H2S04, 75% H202) for 30 min, then immersed in 18.2 M.Q em ultra pure water for
20 min and then dried with a slow stream ofN2. The cleaned substrates were immersed
into a mixed solution containing 10 mM phosphorus oxychloride (POC1 3) and 10 mM
2,4,6-collidine in acetonitrile at 7o·c for 12 h and 24 h, respectively. The modified
substrates were placed into a 0.5 mM CaC12 solution for 20 min. The thickness changes
after each step were monitored by ellipsometry.
Atomic Force Microscopy
The morphology of adsorbed G-S97 samples was investigated by AFM (Digital
Instruments, Santa Barbara, CA: Dimension 3000) in tapping mode. A silicon probe
(Veeco, Camarillo, CA) with a nominal force constant of 40 N/m and resonance
frequency of 335- 345 kHz was used to image all samples. AFM images were taken at a
scanning size of0.5x0.5 J.Lm2, and the resolution was held constant at 512 x512 data
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points. Both height and phase images were collected simultaneously. AFM images were
taken in air in a temperature (25°C) and humidity (50%) controlled room and were
processed using Gwyddion v2.30 software. At least three macroscopically separated areas
were imaged for each sample, and the representative images are displayed. The image
root-mean-square (rms) roughness is calculated as the root-mean-square average of the
height deviations taken from the mean data plane, according to Equation 3 57

(IV-1)

where N is the total number of pixels and rj is the vertical distance ofpixelj from the
mean surface-height plane.
To prepare the samples for AFM study, model dental surfaces were immersed for
3 h in 5 mg/mL G S97 solutions of pH 4 and pH 7. The substrates were then quickly
dipped in 18.2 MQ em ultra pure water to remove salt and dried with a weak stream of
nitrogen.

Intrinsic Viscosity
Preliminary intrinsic viscosity measurements and results were reported by Yuhong
Wei in her thesis. 54 Generally, intrinsic viscosity ([7]]) measurements were used to
estimate the critical overlap concentration (C*= 1/[7]]) ofthe polymer solutions. The
apparent viscosities of G-S97solutions were measured using an Ubbelohde viscometer at
five different concentrations. For each concentration, inherent viscosity, ln(1JI1Jo)lc, and
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reduced viscosity, Yfs/c, were calculated from the apparent viscosity measurements and
plotted against polymer concentration to prepare a Huggins-Kraemer plot. 58 Intrinsic
viscosity was calculated from the extrapolation of the plots to theY intercept.
Ellipsometry and Water Contact Angle
Ellipsometry and water contact angle goniometry experimental details are
provided in Chapter III.
Results and Discussion
Quartz Crystal Microscopy Analysis of the Adsorption Process
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Figure 17. Representative QCM-D traces for polymer adsorption on a HAp coated QCM-D
slide: 0.05 mglmL Gantrez® s 97 at pH 4.
The adsorption of G-S97 onto hydroxyapatite coated surfaces was evaluated as a
function of solution pH and polymer concentration using QCM-D. The experiments were
conducted in four stages, as illustrated in Figure 17. First, lOOmM NaCl stock solution
was pumped over the HAp coated QCM-D slides until a stable baseline was obtained,
where no change in frequency (f) or dissipation factor (D) was observed. In the second
stage, polymer solution was injected into the flow line and pumped at a steady rate until a
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second stable baseline was observed, assumed to be the point at which the maximum
level of polymer adsorption to the substrate was achieved. In the third step, a 100 mM
NaCl rinse solution was pumped through the system to remove any loosely associated
polymer from the adsorbed layer. Finally, a DI water rinse was applied and a final
baseline recorded. A decrease infis related to an increase in adsorbed mass, while an
increase in D is related to an increase in the viscoelastic response of the adsorbed
polymer?-4
Polymer solutions of five different concentrations were evaluated. The critical
overlap concentrations (C*s) of G-S97 solutions were determined to be 3.3 mg/mL at pH
4 and 2.4 mg/mL at pH 7 from intrinsic viscosity measurements. Thus, three solutions
were prepared at concentrations below C* (0.05, 0.2 and lmg/mL) and two above C* (4
and 5 mg/mL).

39

·: L,\
:g

~

l :o
1

-

~

~

~

- !lfJ

- IJ/5

_;:t: ~ --·~- -~L=J :. ~ =;~~
2

·"-

0

1000

2000

3000

4000

2

A/7

5000

Time(~)

~ 1: !--~--. . ----.. _
_____
~

f~

$ ::
-10

--i

2

i

-2

- t.IJ3

..,--- - LJ/5
b
-.
Q
';]

~

L_- - - - ' - - - ' - - - - - l . ._ _..___

0

10
' 6
1'

I

2000

4000

6000

8000

__,__

10000
•

-6

Llf l
- JD3
-LJD5

__;

tJD l

-10
12000

Time (s)

14
10
6
M'

~.
~-

-

~

:

2

}==

L

b_ ~ :

-2
-6
-10

-14

0

1000

2000

3000

4000

14

i 10
··~

j

6

2
''
-2

..J
!

-6
..• -10
-14
5000

- t.1f3
...... - Lij5
~
-.
t.lf 7

..

'-·
Q

""

- L1D3
- 11])5
LlD7

Time (.1)

14
10
6
N'

2

~

-2

:r::
.......

r

D

14
10

~
i•

~

-6
-10 r-14 '
0

2000

'C....._

-L1J5

~
-.

iJf l

-2

Q - LID]

-6

4000

6000

8000

- !lf3

6
2

-10
-14
10000

~-

"q

- 4D5
t.ID7

Time (s)

Figure 18. Adsorption of Gantrez® s 97 from solutions at different concentrations and pH
levels: (a) 0.2 mg/mL (below C*) at pH 4; (b) 0.2 mg/mL (below C*) at pH 7; (c) 5mg/mL
(above C*) at pH 4; (d) 5mg/mL (above C*) at pH 7 as a function of time for three
overtones (n=3, 5, and 7; fo=5MHz) at 24±0.1C.
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Figure 18 shows representative QCM-D traces for polymer solutions at
concentrations below C* (Figure 18a = pH 4, Figure 18b = pH 7) and above C* (Figure
18c = ph 4, Figure 18d = pH 7). Immediately upon the introduction of polymer solution,
the frequency decreased, and the dissipation factor increased for all of the polymer
solutions. The extent to which/and D changed and the rate at which the changes
occurred were dependent upon polymer concentration and solution pH.
Table 4 provides a summary of measured iJfvalues for polymer solutions of
different concentrations and pH at the equilibrium adsorption stage In general, iJfvalues
are lower for polymer concentrations below C*, and the values increase with increasing
concentration. Above C*, however, iJfappears to be constant. For a given polymer
concentration, iJfis greater for solutions at pH 4 than for those at pH 7. This is attributed
to the changes in the charge states of the HAp substrate and the polymer at different
solution pH values. At pH 4, the HAp is expected to be positively charged, while the
Gantrez polymer should have a partial negative charge. At pH 7, the HAp is expected to
have neutral charge, while the Gantrez polymer should be fully ionized. 53 •59 •60 Thus, at pH
4 a higher level of ionic interaction is expected between the substrate and the polymer,
corresponding to higher levels of adsorbed mass and greater iJfvalues.
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Table 4

Changes in Frequency of the Third Overtone (iJj3) at the Equilibrium Stage of the
Polymer Adsorption Process.

Polymer concentration

~f3

at pH4

~f3

at pH 7

(mglmL)

(Hz)

(Hz)

0.05

-4.7

-3 .0

0.2

-6.3

-4.2

1

-6.7

-5.1

4

-10.3

-9.4

5

-10.4

-9.4

For the solutions with concentration higher than C*, larger changes in dissipation
factor and in the separation between overtone curves for iJD measurements were
observed. Large increases in iJD indicate that the adsorbed layer does not behave as a
purely elastic solid, but rather as a viscoelastic material with a significant viscous
component. On application of the saline rinse, a sharp reduction in iJD was observed for
the high concentration solutions, with minimal changes in Ltf(and thus minimal change in
adsorbed mass). This indicates that the viscous layer most likely consisted of a small
amount of loosely associated polymer that was removed with the saline rinse, as
illustrated in Scheme 4. For the solutions with concentration below C*, only small
changes in dissipation factor were observed. It is interesting to note that for the pH 4
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solution oflow concentration, a decrease in Llf(corresponding to an increase in adsorbed
mass) was observed after an injection of the saline rinse solution. This may be attributed
to adsorption of salt by the charged G-S97 polymer.
L OOS<'ly Attached
Polymer ~

Adsorbed
Polymer

g4~~~
~=nzl~
Adsorption process

(a)

~aC l

Solutio n
Rinse

(b)

Ultra Pure \\'ater
Rinse

(c)

Scheme 4. Polymeric adsorption and desorption processes for polymer layers formed
from high concentration (above C*) G-S97solutions: (a) adsorbed polymer was covered
by a loosely attached viscous layer; (b) salt solution removed the viscous layer and (c)
adsorbed polymer was gradually rinsed off by ultra pure water.

For all solutions, when the DI water rinse was applied a gradual increase in Llf
was observed until a stable baseline was reached, indicating removal of the adsorbed
polymer layer from the HAp surface. The dissipation factor demonstrated an increase
followed by a decrease to a stable baseline, indicating initial formation of a loosely
attached viscous layer followed by removal of the polymer from the surface.
The pH of the polymer solution had a large influence on the rate of adsorption and
equilibration for the G-S97 solutions. For polymer solutions of pH 4, the saturation
plateau was achieved at around 2000 s regardless of the polymer concentration. For
solutions of pH 7, on the other hand, equilibrium was not reached even after 4000 s.
Many factors have been reported to affect the polymer adsorption process onto a target
surface, including polymer structure61•62 solution conditions 63.4 1 and polymer-surface
interactions.64 The greater rate of adsorption for the pH 4 solutions is attributed to
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electrostatic interactions between the oppositely charged substrate and polymer, as was
previously reported by Zhang and coworkers. 27 At pH 7, the polymer-surface interactions
are weak due to the reduced ionic interactions, resulting in slower adsorption.

Adsorption kinetics
The adsorption kinetics of polyelectrolytes can be described as a three-step
66

mechanism65 •

.

The first step is the mass transport process, in which polymers diffuse to

the proximity of the surface. The second step, the attachment onto the target surface,
occurs when polymer chains begin to interact with the surface through secondary
interactions including hydrophobic, van der Waals, hydrogen bonding, and electrostatic
interactions.

67 42 68
• •

The last step is the rearrangement of adsorbed polymers in order to

achieve a more stable state. A systematic study of the properties of the adsorbed layer
such as initial adsorption rate, adsorbed mass, layer thickness as well as the topography
and morphology of the adsorbed layer help provide understanding of the adsorption
kinetics.

Adsorption Rate
The strength of the polymer-substrate interaction can be determined from the
initial rate of polymer adsorption, if it is assumed that all macromolecules approaching
the target surface during this initial stage can be absorbed. To further understand the
effect of solution pH and polymer concentration on adsorption behavior, mass increase as
a function of time for the first minute of polymer solution flow was determined and is
shown in Figure 19.
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Figure 19. Mass uptake as a function of time for 0.2 and 5 mg/mL G-S97 solutions at pH 4
and 7.

The rate of adsorption, as determined from the initial slope of the curve, is higher
for solutions of pH 4, attributed to the stronger electrostatic interactions between the
charged G-S97 and HAp surface at low pH. Polymer concentration also affected the
initial adsorption rate. At the same pH, higher adsorption rates were observed in more
concentrated solutions. For this analysis, the mass uptake was calculated using the
Sauerbrey model. The Sauerbrey model assumes a rigid film in the calculation of the
adsorbed mass from the measured change in frequency. In this case, the mass change is
evaluated only in the first minute of polymer deposition, when it is reasonable to regard
the adsorbed polymer layer as a rigid film. Since the adsorbed amount is very small, the
polymer is well dispersed, and it can be assumed to homogeneously deposit onto the
target surface. Further evidence to support this assumption is the overlapping of LJftraces
during the initial stage, which is indicative of a rigid adsorbed layer. 69 Alagha et al. 70
compared the mass of a viscous layer using the Sauerbrey equation with its corrected
mass calculated with the Voight model and reported good agreement of the two models at
the initial stage of deposition.
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D-fPlots
Examination of the frequency and dissipation factors as a D-f plot is a more
effective way to investigate adsorption and desorption kinetics than evaluation of the raw
QCM-D data, as it shows dissipation change per unit mass, which provides an indication
of conformational changes during the process of adsorption. 64 •7 1 If the D-f plot shows a
linear relationship, it is assumed that the adsorbed layer maintains a constant
conformation during the adsorption process. However, if the relationship is non-linear,
this is indicative of a rearrangement of the adsorbed polymer chains. A sharp drop in the
D-f plot indicates loss of mass from the adsorbed layer. 72
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Figure 20. D-f plot for adsorption and desorption of (a) 0.2 mg/mL and (b) 5 mg/mL G-S97
solutions at pH 4 and 7.
Figure 20 displays D-fplots for adsorption (during polymer solution flow) and
desorption (during the NaCl solution rinse) of0.2 (below C*) and 5 mg/mL (above C*)
G-S97 solutions at pH 4 and 7. For solutions with concentration below C*, pH has a
dramatic effect on the O-f plot. For the pH 4 solution, a linear relationship between D and
f is observed, suggesting that a compact, rigid layer formed on the surface and no
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conformational change occurred. For the pH 7 solution, on the other hand, initially a
higher slope is observed followed by a change to a lower slope, indicating a
transformation of the adsorbed polymer from a viscous to a more rigid layer. 70 After the
NaCl rinse solution was applied, a sharp drop in the D-f curve is noted, indicating
desorption of the polymer from the surface. The differences in the D-fplots for the two
solutions are attributed to the differences in the charge stated for the HAp surface and the
polymers in solution at the different pH values. The negatively charged polymer is
expected to deposit in a relatively extended state onto the positively charged HAp surface
at pH 4. At pH 7, on the other hand, the HAp surface is neutral, attraction of the polymer
to the surface is weaker, and polymers adsorb in random conformation with loops and
tails extending from the surface.33 Differences in conformation of adsorbed
polyelectrolytes as a function ofthe nature of the charged surface was also reported by
Guzman and coworkers.66 For solutions of concentration above C*, on the other hand, pH
appears to have a smaller effect on adsorption/desorption behavior. D-f plots for the
solutions of 5 mg/mL G S-97 demonstrated similar trends at pH 4 and 7 (Figure 20B).
They both had much higher LJD values (over 4 x 1o-6) than those demonstrated for the
samples of concentration below C* (less than 1.4x 1o-6) , and both showed discontinuities
for LJfvalues between -7 and-8Hz. The adsorption/desorption behavior from the
solutions above C* is attributed to the development of a viscous layer made up ofloosely
attached polymer chains, which is primarily driven by polymer-polymer interactions. The
large dissipation factor of the loosely attached viscous layer overwhelms the portion due
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to the electrostatically bound rigid layer. Thus, differences are observed for the high
polymer concentration solutions of different pH only after the removal of the loosely
bound layer with the saline rinse.
Morphology Study

B
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Figure 21. 3D AFM images of pH related adsorption on CaP model surface (left: height,
right: phase): (a) and (b) blank CaP model surface; (c) and (d) G-S97adsorption at pH 4; (e)
and (f) G-S97 adsorption at pH 7.

AFM height and phase images of the neat CaP surface are shown in Figures 21 a
and 21 b, respectively. The surface is smooth and fairly featureless, with a measured RMS
roughness of0.3 nm. Images of the polymer-coated surfaces obtained from solutions of
pH 4 and pH 7 are found in Figures 2lcd and 2lef, respectively. The polymer films
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adsorbed from the pH 4 solution are continuous and cover the surface with small raised
features 10-30 nm in width and measured RMS roughness of 0. 7 nm. The homogenous
coverage and smooth film surface resulted from the strong electrostatic interactions
between the polymer and the surface at pH 4, which allowed strong adsorption and even
dispersion of the polymer. The thickness of the adsorbed film was measured to be 2-3 nm
by ellipsometry, consistent with the assumed extended charged polyelectrolyte deposition
on the surface. The films deposited from pH 7 solutions, on the other hand, appear to be
discontinuous and show larger sheet-like deposits that are several hundred nanometers to
microns in length. The thickness of this irregular film was measured to be 5-8 nm by
ellipsometry, and the RMS roughness measured by AFM was 3.3 nm. The poor coverage
on this surface is attributed to the weaker interactions between polymer and substrate at
pH 7 and the deposition of polymer in a more random, globular conformation. The
observed morphological features in AFM images support the conclusions drawn from
QCM-D analysis, in which the adsorbed layers obtained from pH 4 solutions appear to be
rigid films, while those obtained from pH 7 solutions appear to be viscoelastic with a
viscous, loosely attached outer layer made up of entangled polymer molecules. 33
Chapter Summary
This study describes quartz crystal microbalance and atomic force microscopy
analysis of a poly(methyl vinyl ether-alt-maleic anhydride) copolymer (Gantrez® S97 BF)
adsorption on dental mimicking surfaces to determine properties including thickness,
morphology, viscoelasticity, and rate of adsorption/desorption of the polymer layer as a
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function of the solution environment. A nanoscopically smooth model dental surface was
developed for AFM analysis of the adsorbed thin film. It was found that solution pH,
salinity, and polymer concentration affected the adsorption process and morphology of
the adsorbed polymer layer. A higher rate of adsorption, greater stability, and a more
homogeneous deposited film were observed for solutions with pH 4 than for those with
pH 7, which was attributed to the charge state of polymer and substrate at the solution pH.
Dramatic changes in polymer adsorption and film properties were observed as a function
of polymer concentration with respect to the critical overlap concentration.
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CHAPTER V
OIL SPILL AND OIL CLEAN-UP
Oil Spill and Its Effect to The Environment
Oil spills occur frequently in the ocean and are regarded as one of the most
serious accidents threatening the environment. From the year 2001 to 201 0, 900 million
tons of crude oil was spilled from different sources which resulted enormous
environmental problems all over the world. For example, the Tasman Spirit Greek oil
tanker cracked in 2003 causing 28,000 tons.of crude oil leakage into the surrounding
areas. 73 The Deepwater Horizon oil spill from the British Petroleum (BP) platform
occurred on April 20, 2010 and released 210 million gallons of crude oil, 74 one of the
largest recorded oil spills ever.
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Table 5
10 Largest Oil Spill Accidents in History. Data and Information are from The Telegraph
(Reference 74).

Accident

Country/area

Year

Leakage (Mgal.)

Gulf War

Kuwait

1991

240-336

Deepwater Horizon

United States

2010

210

Ixtoc 1 Oil Well

Mexico

1979

140

Atlantic Empress

West Indies

1979

88.3

Fergana Valley

Uzbekistan

1992

87.7

Nowruz Oil Field

Persian Gulf

1983

80

ABTSumrner

Off the coast

1991

80

of Angola
Castillo de Bellver

South Africa

1983

78.5

Amoco Cadiz

France

1978

68.7

Odyssey Oil Spill

Canada

1988
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The negative effect of spilled oil on the environment is manifested in several
aspects. First, the flowing oil can hinder the photosynthesis of plants and alga in the
ocean, reducing food availability and breaking the food chain. Then the toxic components
contained in crude oil may release into the water and result in death or harm to marine
organisms. Once the spilled oil is washed onto shoreline, it is toxic to plants and animals
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inhabiting the coastal marshes. This may result in loss of marshes, which serve as a buffer
for storms and wave action for inland cities, resulting in the possibility of further death
and destruction.
Oil Spill Remediation Methods
The response for oil spills usually involves containment of oil at the source area
followed by recovery and disposal. Mechanical clean-up, chemical clean-up, and natural
degradation are common methods employed to remove the spilled oil. 75
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Figure 22. Illustrations of mechanical and chemical clean-up: (a) A US Navy oil spill
response team drills with a "Harbour Buster high-speed oil containment system"; (b) A
US Air Force Reserve plane sprays Corexit dispersant over the Deepwater Horizon oil
spill in the Gulf of Mexico. Images are from Wikipedia76. As works of the U.S. federal
government, the images are in the public domain.
1n mechanical clean-up, booms are used to contain the crude oil in a specific area,
and skimmers are then employed to remove the surface oil and oil-water mixture. During
the process, some absorbent materials (usually based on cellulose)77 are also employed to
restrict the mobility of the oil. However, the disadvantage of this method is its high
consumption of energy and materials, low efficiency, and great expense.
A number of chemicals are used for chemical clean-up, including dispersants,
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gelling agents, burning agents, and sinking agents, 78 ·79 with dispersants being the most
commonly used chemicals. The function of a dispersant is to change the interfacial
tension between oil and water and to break the oil into small droplets which can disperse
quickly into the water. Although dispersants have high efficiency and relatively low cost,
the misuse of dispersing chemicals may result in greater harm to the environment than
crude oil itself. 80
Natural degradation, also known as bioremediation, involves the use of
microorganisms capable of degrading oil. There are several prerequisites for the
successful deployment of this method. First, natural degradation will not take place
directly on the crude oil, so it is necessary to disperse the oil into small particles. As a
result, natural degradation usually follows the application of proper dispersants.
Moreover, due to the biological activity of bacteria, natural degradation can only be
induced in warm environments. Finally, nutrients such as nitrogen and phosphorus are
critical for natural degradation. It was found that lack of nutrients might lead to low
efficiency ofbioremediation. 75
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Oil Dispersant with Anti-Deposition Function

~

·Suspend ed
Oil

Di~perse~
Oil

(a)

(b)

Figure 23. Comparison of oil dispersant with and without anti-deposition function: (a)
without stabilization the dispersed oil still has the chance to aggregate and to deposit; (b)
polymeric material can stabilize the oil droplet and prevent the redeposition.
Dispersants are used to break up oil into small droplets and reduce the impact of
oil on sea water, shorelines, marine animals, and sea birds. However, the small oil
droplets may aggregate and deposit onto land, plant, or animal surfaces. The potential
environmental damage from artificial chemicals is also of concern when using
dispersants. A safe, nontoxic and environmentally friendly oil dispersant with
anti-deposition function is desired.
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(a)

(b)

Figure 24. Structure of(a) soy lecithin and (b) hydroxypropyl cellulose (HPC).

Based on preliminary results obtained in the laboratories of Dr. Robert Lochhead,
soy lecithin and hydroxypropyl cellulose (HPC) were selected as the main ingredients to
prepare an oil dispersant with anti-deposition function. Soy lecithin is derived from soy
beans and is nontoxic. It is an ideal dispersant for such a project: on one hand, it
emulsifies the oil into small droplets with large surface area, which is favorable for
microbial degradation, and the nitrogen (N) and phosphorus (P) in lecithin will enhance
initiation of a bacterial degradation of the oil. On the other hand, lecithin can readily form
a lamellar phase, which is an emulsion stabilizing phase. The relative high temperature in
the Gulf area and the warm water supplied from the Mississippi River also guarantee the
high efficiency of the bacterial degradation of oil. HPC was employed as an
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anti-deposition agent that can sterically stabilize the dispersed oil droplets and prevent the
aggregation caused by attractive London dispersion forces. It is a member of the cellulose
ether family, the well known soil anti-deposition agents which are widely used in laundry
detergents to prevent deposition of oils on fabrics during rinsing. 81 ' 82 HPC is safe to
organisms due to its high molecular weight. It is impossible to be accumulated in the food
chain and is biodegradable in the aquatic environment.
The mixture of soy lecithin and HPC has the potential to provide many
advantages in oil spill remediation, as it combines.dispersant action and anti-redeposition
properties with natural degradation in an environmentally friendly formulation. However,
several variables remain to be explored, including the effects of seawater in comparison
to fresh water, interaction with sand substrates rather than fabric, and the effects of the
dynamic ocean environment on the dispersant performance.
Research Objectives
The goal of this research is to determine the kinetics and adsorption and
desorption properties ofHPC/soy lecithin oil dispersants on simulated sand surfaces in
saline solutions using QCM-D and AFM, while determining the individual function of the
formulation ingredients. The objectives of this research are:
1. Evaluate the feasibility of using oxidized Si wafers and SiOz coated QCM-D slides as
sand mimicking surfaces.
2. Determine the kinetics of adsorption and desorption properties of the HPC/lecithin
dispersant using QCM-D on a model sand surface.
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3. Determine the morphology of adsorbed films as a function of solution properties and
dispersant composition using AFM.
4. Develop an understanding of the structure/property relationships for the dispersant
formulations.
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CHAPTER VI
OIL DISPERSANT WITH ANTI-DEPOSITION CAPABILITY AND ITS
INTERACTION WITH A MODEL SANDSURFACE
Chapter Overview
The mixture of soy lecithin and HPC is a potential oil spill dispersant with
anti-deposition function. In this work, atomic force microscopy (AFM) and quartz crystal
microbalance with dissipation monitoring (QCM-D) were used to investigate the
properties of the selected agents in dry and liquid conditions. Si02coated QCM-D
sensors were used as substrates to mimic sand, which is often one of the most difficult
substrates to clean once encountered by oil after a spill. Changes in resonance frequency
and dissipation for three overtones (n=3, 5 and 7) recorded by QCM-D were fitted with
the Voigt viscoelastic model to calculate the thickness of the adsorbed layer. AFM has
been used to investigate the morphology of films after deposition on QCM-D slides.
Experimental
Materials

Hydroxypropyl cellulose (HPC, Klucel, type M CS, lot 91470) was purchased
from Ashland Inc. Lecithin (Stablec OFM, product code 700553, lot E50361).
Detergent-free SAE-30 Shell commercial motor oil was used to simulate spilled oil. All
chemicals were used as received.
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Solvent
36g!L seawater solution was prepared by dissolving sea salt into 18.2 Mn em
ultra-pure water, boiling for 15 min for sterilization and filtering through an inorganic
membrane filter (pore size: 0.1 ~m, Whatman Inc.). The pH value ofthis seawater was
measured to be 8.09 using an Accumet® AR 50 pH meter.
Substrate preparation
Quartz sensor crystals coated with 50nm silicon dioxide (QSX 303, Q-sense,
Linthicum Heights, MD) for QCM-D analysis were thoroughly cleaned prior to use. They
were first cleaned by UV/ozone treatment for 10 min followed by immersion in a solution
of2% sodium dodecyl sulfate (SDS) in 18.2 MO-cm ultra-pure water for 30 min at room
temperature. The sensors were then rinsed with 18.2 MO-cm ultra-pure water and further
cleaned by UV/ozone treatment for 10 min.
Sample Preparation
The samples were prepared by suspending the solutes in simulated sea water with
the following compositions: (a) 0.002% (wt.) lecithin in seawater, (b) 0.002% (wt.) HPC
in seawater; (c) 0.002% (wt.) oil and 0.002% (wt.) lecithin in seawater, (d) 0.002% (wt.)
oil and 0.002% (wt.) HPC in seawater, and (e) 0.002% (wt.) oil, 0.001 % (wt.) lecithin
and 0.001 % (wt.) HPC in sea water. They were first analyzed by QCM, and then the cells
were prepared for AFM analysis.
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Quartz Crystal Microbalance with Dissipation Monitoring

A QCM-D E4 system (Q-sense) was used at 24±0.1 °C. First, a baseline was
obtained by flowing saltwater solution through the cell. The baseline was set as the zero
point on frequency and dissipation graphs. Once a stable baseline was observed, the
samples were injected into the measurement chamber, and changes in frequency and
dissipation were recorded as a function of time. Four separate resonant frequencies
(overtones, n) were used to drive oscillation of the shear wave through the crystal: (a) 5
MHz (fundamental overtone, n =1), (b) 15 MHz (n =3), (c) 25 MHz (n =5), and (d) 35
MHz (n=7). Since the noise at 5 MHz was very large, we neglected the data on
fundamental overtone (n=l) 4. The details ofQCM-D technique are described
elsewhere. 2
Atomic Force Microscopy

AFM analysis was performed on the samples after QCM analysis. QCM sensors
were quickly dipped in 18.2 MQ em ultra-pure water to remove the remnants of salt from
the seawater and dried for AFM imaging. The morphology of the samples was
investigated using a Dimension 3000 scanning probe microscope in tapping mode. A
silicon probe (Veeco, Camarillo, CA) with a nominal force constant of 40 N/m and
resonance frequency of334-390 kHz was used to image samples. AFM imaging was
conducted under ambient conditions in a temperature (20°C) and humidity (40-45%)
controlled room. Images and statistical quantities were processed with Gwyddion v.2.24
SPM analysis software.
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Results and Discussion
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Figure 25. QCM traces oflecithin in seawater. The frequency decreases (a) and the
dissipation increases (b) as a function of time (in seconds) for three overtones (n=3, 5, and
7;fo=5MHz) at 24±0.1 C.
QCM traces for frequency (Figure 25a) and dissipation (Figure 25b) for the
lecithin/seawater suspension are shown above. The gradual decrease in frequency and
increase in dissipation observed in this system indicate a relatively slow adsorption of
lecithin on the silicon dioxide coated sensors. A steady state was achieved after
approximately 2000 seconds. The separation of overtones and change in dissipation ratio
are evidence for the formation of a viscous layer. The arrow at 4000 seconds indicates an
injection of saline solution to rinse the surface. After rinsing for 2000 seconds, the
adsorbed lecithin layer was not removed, as indicated by the fact that the frequency and
dissipation ratio signals did not return to zero. The thickness of the adsorbed layer is
estimated to be 12.6 nm at the completed adsorption and 9.5 nm after rinse.
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Figure 26. QCM traces ofHPC in seawater. Very little change is observed in frequency (a)
or dissipation (b) as a function of time for three overtones (n=3 , 5, and 7;fo=5MHz) at
24±0.1 C.

QCM traces for HPC in seawater are shpwn in Figure 26. Only minor changes in
the frequency and dissipation curves are observed, which are attributed to drift in the
instrument over time. No adsorption of the HPC on the silicon dioxide surface was
observed.
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Figure 27. QCM traces of oil and lecithin in seawater; the frequency decreases (a) and the
dissipation increases (b) as a function oftime for three overtones (n=3, 5, and 7;fo=5MHz)
at 24±0.1 C.

Figure 27 shows the QCM traces for oil and lecithin in seawater. The frequency
decreased and the dissipation increased at a fast rate upon sample injection, which
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indicated a fast adsorption process at the initial period. Classic DLVO theory presents an
ideal system that accounts for an electric double layer and Vander Waals forces in
considering·colloid attachment, and was reported to be appropriate for dilute oil in water
emulsion systems.83 '84 The initial fast adsorption is attributed ionic and Vander Waals
interactions between the lecithin stabilized oil droplets and the surface. When the Si02
surface was fully covered, the adsorption rate was reduced, and following that, more
droplets were absorbed on the pre-adsorbed layer. The gradual adsorption was not
complete until 2.5 h after the sample was injected. The separation of overtones and large
change in dissipation ratio are evidence of the formation of a viscoelastic adsorbed layer.
The thickness of the adsorbed layer is estimated to be 28 nm at the highest adsorption
value (adsorption was not complete at this point) and 23.5 nm after rinse.
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Figure 28. AFM images of oil and lecithin on the silicon dioxide QCM sensor in height
mode (a) and phase mode (b).
Figure 28 shows AFM height (a) and phase (b) images of the QCM sensor for
which QCM data is shown above. After QCM analysis, the sensor was briefly dipped in
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DI water to remove residual sea salt and dried before AFM imaging. Disc-like particles,
ranging in diameter from 250-1540 nm are observed, which are attributed to emulsified
oil droplets adsorbed to the surface. The AFM images combined with the QCM analysis
indicate that lecithin disperses the floating oil in seawater but does not prevent deposition
on the silicon dioxide surface.
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Figure 29. QCM traces of oil and HPC in seawater. There is no obvious change in
frequency (a) or dissipation (b) as a function of time for three overtones (n=3, 5, and 7;
fo=5MHz) at 24±0.1 C.

QCM traces for HPC in seawater are shown in Figure 29. Only minor changes in
the frequency and dissipation curves are observed, which are attributed to drift in the
instrument over time. No adsorption of the HPC on the silicon dioxide surface was
observed.
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Figure 30. Adsorption of oil lecithin and HPC, the frequency decreases (a) and the
dissipation increases (b) as a function oftime for three overtones (n=3, 5, and 7;fo=5MHz)
at 24±0.1 C.

Figure 30 shows QCM traces for oil, lecithin, and HPC dispersions in seawater.
For these samples, two adsorption stages were observed. Upon the injection of the sample,
frequency decreased and dissipation increased sharply, and a short-lived plateau was
observed (stage 1). In stage 2, the frequency decreases at a slow rate, and dissipation
increases at a slow rate. The rapid change in frequency and dissipation is a sign of fast
adsorption, which is attributed to the interaction of substrate and oil droplets as discussed
earlier. In stage 2, the adsorption curve is similar to that of lecithin. A reasonable
explanation is the adsorption of oil droplets was saturated, but the adsorption of lecithin
was not complete. Moreover, if comparing the changes of frequency and dissipation ratio
on the third overtone, the values were found to be much higher for the mixture than pure
lecithin. The difference is due to the contribution of the adsorbed oil droplets. In the third
stage, after the surface was rinsed by seawater, the great increase in frequency and
decrease in dissipation ratio indicated a large amount of mass was lost in this process.
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The final values of frequency and dissipation ratio are similar to that of a pure lecithin
sample after rinse. Thus, we may assume most of the adsorbed oil droplets were removed
by the rinse. The thickness of the adsorbed layer is estimated to be 15.5 nm at the
completed adsorption and 8.0 nm after rinse.
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Figure 31. AFM height and phase images of oil lecithin and HPC spread on the silicon
dioxide QCM sensors at stage l (a and b), stage 2(c and d), and after rinse by seawater (e
and f).

For the sample of oil lecithin and HPC, three parallel QCM-D measurements were
operated to ensure the synchronization and accuracy. The morphology of sensors at stage
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1, 2, and after rinse was imaged by AFM, respectively. Figures 31 (a) and (b) are height
and phase images at stage 1. In this stage, dispersed oil droplets were adsorbed onto the
substrate quickly. Compared with the oil droplets emulsified only by lecithin, the mixture
of lecithin and HPC reduced the size of oil droplets dramatically. Figures 3 1 (c) and (d)
are images at stage 2, which show more highly separated droplets and evidence of
"hollow" or collapsed particles, indicating partial removal of the oil. Figures 31 (e) and (f)
are height and phase images corresponding to the sensor after rinse. Most of the adsorbed
droplets were removed, which is consistent with the QCM-D result. Both the AFM and
QCM-D results indicated that the HPC/lecithin mixture prevented the droplets from being
deposited.
Table 6

Thickness ofAdsorbed Layers and Dimensions ofAbsorbed Oil Droplets. (unit: nm)

Thickness oflayer

Thickness oflayer

Diameter

(before rinse)

(after rinse)

droplets

Lecithin

12.6

9.5

None

Lecithin and oil

28(not a completed 23.5

250-1540

adsorption)
Lecithin, HPC and
oil

15.5

8.0

60-420

of

oil
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The estimated thickness of adsorbed layers for lecithin, and the mixture of lecithin,
HPC, and oil are similar, which indicate the adsorbed layers mainly consisted oflecithin.
But for the mixture of lecithin and oil, the thickness value was much higher than the
others. One may conclude the increased thickness was the contiibution of a large amount
of adsorbed oil. On incorporation of HPC, the adsorbed layer is much smaller, and the
diameter of the oil droplets is smaller. Thus, the HPC/lecithin mixture provides
dispersible oil droplets which are not re-adsorbed on the surface.
Chapter Sumrpary
QCM-D and AFM were used to understand the adsorption properties and
morphology of different formulations of the oil spill dispersant. Lecithin, as a dispersant,
emulsifies the floating oil to form a droplet, but does not prevent redeposition on the
simulated sand surface. HPC does not disperse the floating oil. The mixture of lecithin
and HPC is an ideal detergent, which disperses the floating oil into very small droplets
and prevents the reddeposition of oil. The small suspended oil droplet is an ideal structure
for biological degradation of the oil.
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CHAPTER VII
CONCLUSIONS
This thesis involved two projects. The first was a study of the adsorption of G-S97
on dental mimicking surfaces, which employed QCM-D, AFM, and ellipsometry analysis.
HAp coated QCM-D slides were used as dental mimicking surfaces for QCM-D studies.
Three methods were attempted to produce a nanoscopically smooth model dental surface
for morphology studies of adsorbed polymer thin films. AFM and SEM results indicated
that the substrates developed from nucleation and phosphorylation methods provided
films with low roughness (< 5nrn). However, the nucleated CaP layer showed very poor
stability on exposure to DI water. The CaP coated surface developed using the
phosphorylation method was selected as the model substrate for this work because it
provided a smooth (RMS roughness ~0.3 run), stable film with composition similar to
that of the natural tooth surface. The studies showed that the adsorption mechanisms and
kinetics of Gantrez® S-97 were impacted by the pH of the deposition solution, attributed
to differences in the charged state of the HAp surface and to the concentration of the
polymer in solution. At pH 4, the HAp substrate was positively charged, resulting in
strong electrostatic interactions between the partially negatively charged polyelectrolyte
and the surface. Under these conditions and with low polymer solution concentration, the
adsorption rate was relatively high, and a flat, compact rigid polymer layer, was formed
that homogeneously covered the model surface. No conformational changes were
observed during deposition of this layer and the desorption of the polymer during the
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NaCl solution rinse was negligible. At pH 7 the charge density of the HAp surface was
sharply reduced, resulting in lower levels of electrostatic interaction of the negatively
charged polymer molecules with the surface. The polymer adsorbed onto the surface with
loop and tail structures, and films were inhomegeneous due to weak polymer-surface
interactions. High measured dissipation factor for films deposited under these conditions
suggested the formation of a loosely attached polymer layer entangled with the loop and
tail structures, which was removed by a saline rinse. Adsorption was found to be
proportional to polymer concentration for dilute solutions, but it reached saturation at or
above C*. A viscous layer formed by loosely attached polymer chains was observed in all
solutions of concentration greater than C*, attributed to polymer-polymer interactions in
concentrated solution. The adsorbed polymer was gradually removed from the polymer
during an ultra pure water rinse, indicating that a certain level of ionic strength is
necessary to maintain adsorption on the dental surface. The results of these findings
provide information on the kinetics of adsorption, morphology of adsorbed layers, and
desorption processes of pH responsive polymers in contact with pH responsive
dental-mimicking surfaces. Theses findings should prove useful in defining avenues for
advancement of new polymer systems and formulations for oral care applications.
The goal ofthe second project was to evaluate the performance of a
biopolymer-based oil dispersant with anti-deposition function. The main ingredients of
the oil cleaner are soy lecithin and HPC, which are the dispersant and the oil
anti-deposition agent, respectively. In this research the function of each ingredient in the
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formulation, as well as the comprehensive performance of the oil spill cleaner, were
tested in sea water. QCM-D and AFM were used to understand the adsorption properties
and morphology of oil in the presence of different formulations. Lecithin, as a dispersant,
emulsified the floating oil to form droplets but did not prevent the redeposition of oil on a
model sand surface. HPC did not disperse the floating oil. The mixture of lecithin and
HPC is an ideal oil spill cleaner, which dispersed the floating oil into very small droplets
and prevented the redeposition of oil. The small suspended oil droplet is an ideal
structure for biological degradation of the oil.
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CHAPTER VIII
RECOMMENDATIONS FOR FUTURE RESEARCH
The experiments and discussion in this thesis have successfully developed an
understanding of the solution factors, especially pH and polymer concentration on the
adsorption kinetics ofG-S97. However, some additional fundamental questions
considering the effects of other solution factors, polymer structure, as well as the
substrate properties are recommended for future research.

How do other solution factors affect the polymeric adsorption on dental surface?
This research mainly focused on the effect of pH values and solution
concentrations on the polymeric adsorption on dental surface. The effect of salt ion types
and concentration has not been studied. It is predicted that the screening effect from free
ions may result in different strengths of polymer-surface interactions, which are expected
to lead to differences in adsorption behaviors. Future research conducting polymer
adsorption studies in different salt solutions is recommended.

How does the polymer structure affect the polymeric adsorption on dental
surfaces?
To understand the effect of polymer structure on adsorption to dental surface, two
studies are recommended. The first is an evaluation of the effect of changes in the
polymer molecular weight. Changes in molecular weight may result in different diffusion
rates when the polymer approaches the target surface. A comprehensive study of
adsorption kinetics and adsorbed morphology of polymers with different molecular
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weight may help to provide a greater fundamental understanding of the adsorption
mechanism. The second recommended study involves the effect of side groups on the
polymer chain. Changing the hydrophobicity of the side group may influence the
polymeric conformation in the solution and may also result in variation in
polymer-surface interactions. Gantrez® polymers could be modified with different side
groups and be used as model polymers for future research.
Other factors, such as the roughness of the target surface may also influence the
adsorption behavior. Generally, improving the fundamental understanding of these factors
would be helpful to guide the development and formulation of polymers in personal care
products.
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